Tight junctions (TJ) play a central role in the homeostasis of epithelial and endothelial tissues, by providing a semipermeable barrier to ions and solutes, by contributing to the maintenance of cell polarity, and by functioning as signaling platforms. TJ are associated with the actomyosin and microtubule cytoskeletons, and the crosstalk with the cytoskeleton is fundamental for junction biogenesis and physiology. TJ are spatially and functionally connected to adherens junctions (AJ), which are essential for the maintenance of tissue integrity. Mechano-sensing and mechano-transduction properties of several AJ proteins have been characterized during the last decade. However, little is known about how mechanical forces act on TJ and their proteins, how TJ control the mechanical properties of cells and tissues, and what are the underlying molecular mechanisms. Here I review recent studies that have advanced our understanding of the relationships between mechanical force and TJ biology.
Introduction
Tight junctions (TJ) are localized at the apicolateral borders of vertebrate epithelial cells and in endothelial cells, and are part of a junctional complex with cadherin-based junctions (Fig. 1) . The canonical functions of TJ are: (1) paracellular "barrier", e.g., to form a selective filter for the passage of ions, water, and solutes across different compartments of the extracellular space. At the ultrastructural level, the TJ barrier to ions corresponds to a network of intramembrane strands (fibrils), formed between contacting cells by the trans-association of cis-polymers of transmembrane proteins belonging to the claudin family. Large solutes flow through transient breaks in the strands. Abnormal regulation of TJ barrier function allows the passage of pathogens and antigens through epithelial monolayers, and is implicated in disease Buckley and Turner 2018; Citi 2018) . (2) "fence" function, e.g., to define the limit between the apical and lateral domains of the plasma membrane of polarized cells Zihni et al. 2016) . The barrier and fence functions of TJ can be uncoupled (Mandel et al. 1993) , and a polarized distribution of lipid and protein markers occurs even in the absence of TJ fibrils (Ikenouchi et al. 2012; Umeda et al. 2006) , consistent with the notion that claudin strands are not directly responsible for the maintenance of apicobasal polarity. Thus, the molecular composition of the TJ intramembrane "fence" remains unclear. In addition to these canonical functions, TJ play multiple roles in the control of signaling pathways involved in the regulation of cytoskeletal organization, gene expression, and cell proliferation, through the interaction of their cytoplasmic scaffolding proteins and adaptor proteins with transcription factors, regulators of Rho family GTPases, and other signaling proteins (Braga 2017; Citi et al. 2014; Zihni et al. 2016) .
Topologically, TJ are always closely associated with circumferential adherens junctions (AJ), also known as zonulae adhaerentes (ZA), which are cadherin-based junctions that contain afadin and PLEKHA7. The reader is referred to excellent reviews for a more detailed description of the organization of the junctional complex in general and adherens junctions in particular, and their role in mechano-transduction (Brieher and Yap 2013; Charras and Yap 2018; Ladoux et al. 2015; Meng and Takeichi 2009; Sluysmans et al. 2017; Takeichi 2014) . Importantly, some TJ proteins, such as ZO-1, are localized at AJ during TJ biogenesis, are localized at AJ in cells lacking TJ (Fesenko et al. 2000; Howarth et al. 1992; Itoh et al. 1993) , and interact with AJ mechano-sensing proteins. For example, ZO-1 binds to α-catenin (Itoh et al. 1997; Maiers et al. 2013 ) and vinculin (Zemljic-Harpf et al. 2014) . ZO proteins and other TJ components are localized along lateral contacts either in developing or mature epithelia (Fesenko et al. 2000; Paschoud et al. 2007; Rahner et al. 2001) . Taken together, these and other observations suggest that TJ formation in polarized epithelia involves the spatial reorganization and segregation of TJ proteins from AJ/ZA, which enables the clustering of transmembrane ligands and assembly of TJ fibrils (Campbell et al. 2017) . One unanswered question in TJ mechanobiology is to understand to what extent variable forces along lateral contacts, ZA, TJ, and the cytoplasm control these different pools of TJ proteins.
In this minireview, I will first summarize a few basic concepts about the molecular composition of TJ, and its linkages to the cytoskeleton. I will next discuss recently published work which addresses the question of how TJ may contribute to regulating cellular and tissue responses to mechanical force. Finally, I will address the issue of molecular mechanisms, which concerns the identity of the TJ components that are directly or indirectly implicated in the generation of and response to force, and the downstream targets and pathways of this regulation.
Molecular anatomy of TJ, and structural and functional association of TJ with the cytoskeleton TJ are constituted by: (1) transmembrane proteins; (2) cytoplasmic scaffolding and adaptor proteins and associated signaling proteins; (3) cytoskeletal filaments; (4) membrane lipids. The small scheme on the left illustrates the apical position of the TJ (also called zonulae occludentes or ZO) with respect to the more basolateral adherens junctions (AJ) and desmosomes (D). The circumferential AJ of polarized cells is also called zonula adhaerens (ZA). The larger scheme on the right is an expansion of the TJ region of the apical junctional complex of a polarized epithelial cell. During junction biogenesis, several TJ and AJ components are intermingled, and the spatial segregation between TJ and ZA occurs only in mature, fully polarized epithelial cells. The junctional membrane, selected transmembrane proteins of TJ (claudin, occludin, JAM-A), and the major cytoplasmic proteins involved in TJcytoskeleton interactions are schematically depicted in the larger scheme. Actin filaments interact with ZO proteins, afadin, and cingulin, and microtubules interact with cingulin. Additional interactions of cingulin with ZO proteins and myosin (Cordenonsi et al. 1999; D'Atri et al. 2002) are indicated by red lines. The colored circles in the space between cells represent solutes that are selectively blocked or not blocked by the TJ barrier, which forms a selective filter for the paracellular pathway. The barrier function of TJ is controlled by the expression of specific claudin isoforms and by the cytoskeleton (see text)
The transmembrane TJ proteins comprise claudins, TAMPs (TJ-associated MARVEL proteins: occludin, tricellulin, marvelD3) and immunoglobulin-like cell-adhesion molecules (Ig-like CAMs) (Shen et al. 2011; Tsukita et al. 2019; Zihni et al. 2016) . Claudins, of which at least 27 isoforms exist in human tissues, are composed of short cytoplasmic N-and C-termini, four membrane-spanning regions, and short and large extracellular loops. First, single molecule magnetic tweezer experiments show that force is required to disrupt the interaction between the C-terminal and the ZPSG regions of ZO-1, and this force is within a physiological range (5-25 pN) . TAMPs also show four membrane-spanning regions, but have little sequence similarity to claudins. Claudin-based polymers form size-and charge-selective barriers and channels/pores for the paracellular flux of ions (Gunzel and Yu 2013; Krug et al. 2012; Tsukita et al. 2019 ). The passage of larger solutes and cells through the paracellular barrier is mediated by temporary breaks in the strand network, and is regulated by the cytoskeleton, by TJ-associated Ig-like adhesion molecules, and by TAMPs Luissint et al. 2016; Shen et al. 2011; Zihni et al. 2016 ). Ig-like CAMs include JAM-A, CAR (Coksackie and Adenovirus Receptor), ESAM, and angulins, and all contain one membrane-spanning region, and an extracellular region with Ig-like domains. Tricellulin and angulins are specifically accumulated at tricellular junctions . Transmembrane TJ proteins are anchored and/or clustered at TJ through interaction of their C-terminal cytoplasmic tails with scaffolding molecules, and through cis-interactions.
The cytoplasmic scaffolding proteins of TJ comprise ZO proteins (ZO-1, ZO-2, ZO-3), the membrane-associated guanylate kinase inverted proteins (MAGI-1 and MAGI-3), the multi-PDZ protein MUPP1, and the polarity proteins PAR-3, PALS-1, and PATJ. Additional cytoplasmic TJ proteins include the angiomotin family proteins, and the cingulin family proteins (cingulin and paracingulin-JACOP) (reviewed in Fanning et al. 2012; Guillemot et al. 2008; Shin et al. 2006; Tsukita et al.; Zihni et al. 2016) ). The ZAassociated protein afadin/AF-6, which links JAM-A and nectins to the actin cytoskeleton (and is crucially important for epithelial morphogenesis) has also been alternatively considered as a TJ-or ZA-associated protein (Ikeda et al. 1999; Takai and Nakanishi 2003; Yamamoto et al. 1997) (Fig. 1) . These proteins are implicated not only in scaffolding of TJ transmembrane proteins, organization of apico-basal polarity, and linkage to the cytoskeleton, but also in the regulation of signaling .
Interaction with the cytoskeleton is crucial for mechanosensing and mechano-transduction. In this respect, the TJ proteins that interact with cytoskeletal polymers are the ZO proteins, which interact with actin filaments (Fanning et al. 1998; Fanning et al. 2002; Van Itallie et al. 2009 ), and cingulin, which interacts with actin filaments (D'Atri and Citi 2001), myosin (Cordenonsi et al. 1999 ) and microtubules (Mangan et al. 2016; Yano et al. 2013) (Fig. 1 ). Cingulin is recruited to TJ by ZO-1 (Cordenonsi et al. 1999; D'Atri et al. 2002; Umeda et al. 2004) . Afadin is also an actin-binding ZA/TJ protein, it binds to ZO-1 and JAM-A, and it is involved in the regulation of barrier function (Sakakibara et al. 2018; Tanaka-Okamoto et al. 2011 ). Furthermore, it cooperates with ZO-1 in force regulation at junctions (Choi et al. 2011; Choi et al. 2016) (Fig. 1 ). ZO proteins are multidomain proteins comprising 3 N-terminal PDZ domains, a central region with SH3 and GUK domains, and a C-terminal region of varying length (reviewed in ). Claudins and JAM-A interact with the PDZ1 and PDZ3 domains, respectively, and occludin interacts with the GUK domain of ZO-1. The second PDZ domain of ZO proteins is involved in heterodimerization with another ZO protein ). Depletion of both ZO-1 and ZO-2 abolishes the formation of claudin-based TJ fibrils, indicating that heterodimerization of ZO proteins is critical to their ability to nucleate claudin assembly into fibrils (Umeda et al. 2006) . Actin filaments bind to the C-terminal regions of ZO-1 and ZO-2, which contain an actin-binding region (ABR) (Fanning et al. 1998) . Cingulin is a homodimer, each subunit comprising a globular head domain, a coiled-coil rod region, and a small globular tail (Cordenonsi et al. 1999) . While the head domain of cingulin interacts with ZO proteins, actin, and microtubules (Cordenonsi et al. 1999; D'Atri and Citi 2001; Mangan et al. 2016; Yano et al. 2013 ), its coiled-coil region binds to GEFs and GAPs of the Rho family GTPases (Aijaz et al. 2005; Guillemot et al. 2014 ) and to myosin (Cordenonsi et al. 1999) .
Actin filaments and microtubules are the two major cytoskeletal polymers that are associated with TJ (reviewed in Buckley and Turner 2018; Fanning and Anderson 2009; Fanning et al. 2012; Turner 2000; Van Itallie et al. 2015; Vasileva and Citi 2018) ). The presence and functional relevance of actin filaments in the submembrane cortex of TJ was demonstrated by early electron microscopy and pharmacological studies (Madara 1987; Meza et al. 1982) . The circumferential actomyosin belt associated with apical junctions (TJ and ZA) is organized in sarcomeric-like units, with a periodic array of nonmuscle myosin II bipolar filaments, which overlap with the basal half of the TJ and the apical end of the ZA (Ebrahim et al. 2013 ). ZO-1 and ZO-2 are the main cytoplasmic scaffolds which connect TJ membrane proteins to actin filaments (Fig. 1) . The tethering of claudins to actin through ZO-1 is dynamic and intermittent, probably to allow for adaptation to changes in cell shape or movement ). Regarding microtubules, there is so far limited evidence that they are involved in transmission of, and resistance to, force at apical junctions (Ko et al. 2019; Singh et al. 2018; Takeda et al. 2018) . At vertebrate TJ, microtubules are anchored to cingulin, which organizes them into planar apical networks, and promotes the generation of the apical luminal membrane of epithelial cells (Mangan et al. 2016; Yano et al. 2013) . Although cingulin binds to actin filaments and to myosin (see above), its role in the regulation of global actin filament organization and downstream signaling appears to be dependent mainly on its ability to sequester GEF-H1 at junctions (Aijaz et al. 2005; Guillemot et al. 2004; Guillemot et al. 2012; Paschoud and Citi 2008) . Moreover, although microtubules are essential for efficient junction biogenesis and polarized cytoplasm organization , their potential role in junctional mechano-sensing and mechano-transduction is only beginning to be investigated (De Pascalis and Etienne-Manneville 2017).
As of the present time, the role of lipids in TJ organization is still not well understood. Before the discovery of claudins, a model was proposed whereby TJ were formed by a specific organization of lipids into "inverted micelles" (Pinto da Silva and Kachar 1982). Although it is now clear that barrier and permeability to ions is controlled by claudin strands, there is evidence for a contribution of lipids to the structure and physiology of TJ. For example, cholesterol depletion results in loss of barrier function, and occludin endocytosis is regulated by its interaction with the lipid raft-associated protein caveolin-1 Shigetomi et al. 2018) . AJs mediate the formation of TJs by increasing the level of cholesterol in the PM (Shigetomi et al. 2018) . Interestingly, tetraspanins are four-membrane-pass proteins that are unrelated to claudins and TAMPs, but have been implicated in barrier function of septate junctions in invertebrates (Izumi et al. 2016) , and in targeting of transmembrane receptors to the ZA (Shah et al. 2018) . Since tetraspanins are associated with cholesterol-rich membranes, and require cholesterol for their proper functioning, one hypothesis is that ZA tetraspanins, such as Tspan33 (Shah et al. 2018 ), help to generate and/or maintain a cholesterol-rich environment, which then promote the correct functioning of claudins and TAMPs. These hypotheses require further testing, and the role of lipids in the mechanics and dynamics of transmembrane TJ proteins is an interesting area for future investigations.
The impact of mechanical force on TJ function
Multiple physiological and pathophysiological inputs affect TJ barrier function through modulation of actomyosindependent force. Furthermore, tensile, compressive and shear forces within tissues and cells can be transduced to TJ protein complexes, to affect TJ functions.
When considering the regulation of TJ barrier function by actomyosin, it is necessary to clarify that the TJ paracellular barrier comprises two elements (Shen et al. 2011): (1) the "pore" pathway: a high-capacity, highly selective route, that is based on claudins, and regulates the flux of ions and water. This is measured by the instantaneous assessment of transepithelial electrical resistance (TEER); 2) the "leak" pathway": a low-capacity route, which regulates the passage of larger molecules, depends on transient breaks within the network of TJ fibrils, and is measured by the passage of fluorescent tracers across epithelial monolayers within a longer time scale (typically 2 h). These two routes are regulated independently (Shen et al. 2011) . While tissue-specific claudin isoform expression dictates the properties of an epithelium with regard to size-and charge-selectivity of the pore pathway (Gunzel and Yu 2013) , the regulation of TJ transmembrane proteins by their scaffolding proteins and by cytoskeletal force impacts differently on pore and leak pathways. For example, depletion of ZO-1 destabilizes the barrier to large solutes, but does not disrupt the claudin-based pores ), presumably due to the functional redundancy between ZO-1 and ZO-2 in forming scaffolds for claudin polymers (Umeda et al. 2006) . Similarly, physiological and pathological mechanisms mediated by the activation of myosin light chain kinase (MLCK) act primarily on the leak pathway (Shen et al. 2011; Turner et al. 1997; Wang et al. 2005) . Inhibition of ROCK-mediated myosin light chain phosphorylation reduces permeability to ions, whereas it increases permeability to larger molecules in a ZO-1-dependent manner, suggesting that in ZO-1-depleted cells there are more frequent transient breaks in the contacts ). However, in cells treated with actin-disrupting drugs, and additionally when cadherinbased adhesion is compromised by removal of extracellular calcium, ZO-1 has also found to be required to stabilize the pore pathway ). Collectively, these results indicate that a homeostatic, finely tuned level of actomyosin contractility is required both to allow claudins fibrils to operate correctly, and to reinforce the actin cytoskeleton to prevent leaks. This is supported by recent evidence, showing that breaches in the barrier are repaired by transient, localized RhoA activation (Rho "flares") (Stephenson et al. 2019 ). However, when actomyosin-mediated force is too high, more frequent breaks in the strands result in loss of barrier function of the leak pathway.
Cadherin-based AJ play an important role both in protecting TJ from the effects of excessive tension, and in promoting TJ formation. During cytokinesis of Xenopus epithelia, the tension from the ingressing contractile ring is transmitted primarily to the AJ, which are reinforced in a vinculindependent manner, allowing for the maintenance of TJ barrier function (Higashi et al. 2016) . Vinculin was recently shown to be indispensable for the paracellular barrier to ions, by dampening mechanical fluctuations applied to the TJ (Konishi et al. 2019 ). In the upper layer of the stratified epithelium of the skin, enrichment of ZO-1 and development of the TJ barrier correlates with the development of high mechanical tension at AJ (Rubsam et al. 2017) . Confirming the key role of cadherinbased junctions on TJ barrier regulation, a pathological increase in cadherin endocytosis weakens cell-cell adhesion, and causes leakage of bacterial antigens through the TJ barrier, contributing to inflammatory bowel disease (Mohanan et al. 2018) . Earlier studies showed that TJ disruption following actin filament depolymerization or inhibition of cadherins is an active, energy-dependent process, that involves endocytic removal of occludin from TJ (Ivanov et al. 2004; Madara et al. 1986 ), which destabilizes the leak pathway (Shen et al. 2011 ). Loss of junctional occludin, but not ZO-1, is also observed in lung alveolar epithelial cells subjected to intense mechanical stretch or depleted of ATP (Cavanaugh et al. 2001 ). On the other hand, lung endothelial cells subjected to cyclic mechanical strain show altered barrier function, due to the disassembly of microtubules, which cross-talk with the actin cytoskeleton through the release of microtubule-associated GEF-H1, that promotes stress fiber formation (Birukova et al. 2004; Birukova et al. 2010 ).
TJ as regulators of cell and tissue mechanics
Information on the magnitude, direction, and distribution of forces and stresses in individual cells or groups of cells can be obtained by different biophysical techniques, including laser ablation and measurement of recoil velocity, FRET sensors, traction force microscopy, non-contact acoustic frequencymodulation, optical tweezers, magnetic twisting cytometry, and atomic force microscopy (AFM) (Sugimura et al. 2016 ). Thus, studies on cells depleted of one or more TJ proteins have allowed to investigate their role in the organization and contractility of the actomyosin cytoskeleton, cell migration, generation of membrane and cortical tension, and resistance to, and transmission of, monolayer force.
Early studies on MDCK and Eph4 cells depleted of/or knock-out (KO) for ZO-1 did not report major changes in epithelial morphology, junction integrity, and actin organization (McNeil et al. 2006; Umeda et al. 2004 ). However, cells lacking ZO-1 were later shown to have an altered morphology, characterized by a loss of tortuosity at the apical junction, and changes in apical actin localization and junctional tension (Tokuda et al. 2014; Tornavaca et al. 2015; Van Itallie et al. 2009 ). Moreover, targeting either ZO-1 or other TJ proteins alters cellular migration velocities, tractions, and intracellular tensions in spreading monolayers of mammary (MCF10A) cells grown on micropatterned sheets (Bazellieres et al. 2015) . Downregulation of ZO-1 and ZO-3 leads to marked but opposite changes in monolayer mechanics, and ZO-1 is unique, since only its depletion results in a phenotype in which cells migrate and deform rapidly, while exerting strong cell-cell and cell-substrate forces (Bazellieres et al. 2015) . Physiologically, most epithelial cells are present in the context of a stable, confluent epithelium. Recent analysis of such epithelia within the intestine of conditional ZO-1 KO mice indicates that ZO-1 is essential to maintain a uniform epithelial apical surface, and a normal shape and length of apical microvilli (Odenwald et al. 2018) . In confluent MDCK cells, depletion of ZO-1, but not ZO-2, recapitulates the aberrant apical architecture induced by ZO-1 KO in vivo, resulting in the formation of cytoplasmic actomyosin rings, and increased cell height (Odenwald et al. 2018) . In agreement, ZO-1 depletion in confluent MDCK cells results in changes in the AFM deflection and height images of the apical surfaces of the monolayer, as well as changes in the apical and basal actin filament organization (Bruckner and Janshoff 2018) . However, mechanical parameters such as overall tension, comprising cortical tension and membrane tension, and apparent area compressibility modulus are not significantly affected by ZO-1 depletion, whereas depletion of cadherins leads to a considerable drop in cortical and membrane tension (Bruckner and Janshoff 2018) . Data obtained using Xenopus gastrulae in vivo confirm the notion that ZO-1 is an important modulator of actomyosin organization and contractility. Using an actin fluorescent probe and a FRET tension-sensing cadherin construct it was shown that there is an increase in global tensile forces applied to AJ in cells depleted of either ZO-1 or GEF-H1 (Hatte et al. 2018 ). This generates a flattened contractile ring, a slower apical constriction of the ring, and cytokinesis defects (Hatte et al. 2018 ). Thus, it was proposed that GEF-H1 and ZO-1 are implicated in the negative regulation of global tensile forces applied to the AJ (Hatte et al. 2018) .
Depletion of both ZO-1 and ZO-2 leads to an even more striking phenotype than depletion of ZO-1 alone. MDCK cells depleted of both ZO proteins show a dramatic thickening of the circumferential, peri-junctional actin cytoskeleton associated with apical junctions, with the formation of sarcomerelike arrays of actomyosin (Fanning et al. 2012) . In mammary (Eph4) cells, depletion of both ZO proteins delays the formation of the circumferential actomyosin bundle associated with AJ, and prevents myosin II integration into AJ, suggesting that ZO-1 is required for the correct formation of the actomyosin belt of the ZA (Yamazaki et al. 2008) . In agreement, laserablation experiments show an increase in recoil velocity in double knock-down cells, indicating an increase in epithelial tension (Choi et al. 2016) . AFM measurements provide additional evidence that simultaneous depletion of both ZO-1 and ZO-2 elevates the apical epithelial tension and effective viscosity (Cartagena-Rivera et al. 2017) . Moreover, at tricellular junctions, there is an increase in epithelial intercellular pulling forces, adhesion, and contractility in the absence of both ZO-1 and ZO-2 (Cartagena-Rivera et al. 2017) .
Collectively, these studies show that ZO proteins, and more specifically ZO-1, are central players in the organization and contractility of cytoplasmic and peri-junctional actomyosin, in microvillar cytoskeleton dynamics, and in cortical and membrane tension. The function of ZO-1 appears to be, at least in part, to dissipate mechanical stresses that are otherwise generated at the ZA, and to regulate actin dynamics. In addition, ZO proteins fine tune the transmission of force from and to TJ transmembrane proteins, to adapt barrier function to the changing physiological requirements of the tissue.
Molecular mechanisms -I: mechanical adhesion by TJ transmembrane proteins
Transduction of force across cells in a monolayer requires adhesive junctions and adhesion receptors. At AJ, cadherins and Ig-like transmembrane proteins provide mechanical adhesion strength through homophylic interactions between their extracellular domains, and transduce force to their cytoplasmic interactors Leckband and de Rooij 2014) . However, little is known about mechanosensing and mechano-transduction by TJ membrane proteins. To sense and respond to mechanical forces, TJ transmembrane proteins must display adhesive properties.
The observation that exogenous expression of either occludin or different claudin isoforms in fibroblasts confers calcium-independent adhesion indicates that transmembrane TJ proteins are indeed cell adhesion molecules (Kubota et al. 1999; Van Itallie and Anderson 1997) . However, antibodyinduced cell-dissociation and cell re-aggregation assays indicate that the cell-cell adhesion activity of occludin is weaker than that of several members of the claudin family (claudin-1, claudin-2, and claudin-3), and these in turn provide a mechanically much weaker adhesion than that conferred by cadherins (Kubota et al. 1999 ). The same conclusion is supported by measurements of adhesive force using either the dual micropipette assay (Vedula et al. 2009 ) or AFM (Lim et al. 2008) . Between 2 and 3 nN are required to separate fibroblasts expressing either claudin-1 or claudin-2, less than 1.5 nN is required when cells express either occludin or a mix of claudin-1 and claudin-2 (Vedula et al. 2009 ), whereas 29 nM is required to separate cells that express cadherins (Martinez-Rico et al. 2005) . It should be noted that these measurements do not take into full account the potential effects of claudin clustering by scaffolding molecules, and their stabilization by the actin cytoskeleton, which likely do not occur in fibroblasts (Vedula et al. 2009 ). Finally, Ig-like adhesion molecules such as JAMs and CAR undergo homophylic interactions of cisdimers (Ebnet et al. 2004 ), but the mechanical strength of their adhesion is not known.
Molecular mechanisms -II: regulation of actin-binding proteins, Rho GTPases, and junctional contractility TJ proteins are both the targets and effectors of a number of signaling pathways, which impact on force generation by the cytoskeleton, and on the ability of cells to respond to force.
First, TJ proteins bind not only to actin filaments and microtubules, but to additional cytoskeletal proteins.
Besides α-catenin and vinculin (Birukova et al. 2016; Maiers et al. 2013) , ZO-1 also binds to the PDZ protein shroom2, which links it to myosin-VII (Etournay et al. 2007 ). ZO-1 and ZO-2 also bind to cortactin, which stabilizes the assembly of branched actin filaments at the plasma membrane (Katsube et al. 1998 ). ZO-1, ZO-2, and occludin bind to protein 4.1, which could provide a link between the spectrin and the actin cytoskeletons (Mattagajasingh et al. 2000) . These interactions may be critical in the ability of ZO proteins to organize the cytoskeleton and mediate force transmission.
Rho family GTPases are essential in the regulation of multiple aspects of actin cytoskeleton assembly, dynamics, and contractility. Critically, several TJ proteins interact with regulators of Rho family GTPases pathways (GEFs and GAPs), although it is not always clear whether these interactions result in sequestration and inactivation, or activation (Braga 2017; Citi et al. 2014) . For example, ZO-1 binds to the Cdc42 GEF Tuba (Otani et al. 2006) , and to the Rho GEF ARHGEF11 (Itoh et al. 2012) . Cingulin binds to the Rho GEFs GEF-H1 and p114RhoGEF (Aijaz et al. 2005; Terry et al. 2011) , and to the Rac GTPase MgcRacGAP (Guillemot et al. 2014) , paracingulin to the Cdc42 and Rac GAP SH3BP1 (Elbediwy et al. 2012) . JAM-A, ZO-2, and MAGI-I functionally interact with Rap family GTPases (Birukova et al. 2011; Mino et al. 2000; Monteiro et al. 2013) , and angiomotin with the Cdc42 GAP Rich1 (Wells et al. 2006 ). These interactions collectively control the spatially restricted and/or global activation and inactivation of Cdc42, Rac1, and RhoA at junctions, thus allowing dynamic remodeling of the cytoskeleton both during junction assembly, and at homeostasis (Braga 2017; Citi et al. 2014 ).
One of the major downstream effectors of RhoA is ROCK kinase, which in turn promotes increased myosin light chain phosphorylation. Increased MLCK activity and activation of peri-junctional myosin increases solute flux through the leak pathway, induced by physiological and pathological signals, such as sodium-dependent glucose transport, and stimulation by TNF, through occludin endocytosis Shen et al. 2011; Van Itallie et al. 2010) . FRAP studies show that ZO-1 interactions mediated by the actin-binding region (ABR) are critical for MLCK-dependent barrier regulation. The rate of ZO-1 exchange between junction-associated and cytoplasmic pools of ZO-1 also requires actomyosin function (Shen et al. 2008; Yu et al. 2010) , and the presence of the ABR greatly enhances this localization of ZO-1 along a continuous circumferential belt Itoh et al. 2012) . Thus, junctional actomyosin controls ZO-1, and in turn ZO-1 transmits the force generated by the circumferential junctional actomyosin arrays to its transmembrane ligands.
Molecular mechanisms -III: force-dependent conformational changes in ZO proteins
Using structured illumination microscopy, we showed that ZO-1 exists in either extended (stretched) or folded (autoinhibited) conformations, depending on force and heterodimerization, resulting in modulation of its molecular interactions and downstream signaling . Either inhibiting myosin activity or disrupting the organization of actin filaments does not, alone, affect the conformation of junctional ZO-1 in WT cells. However, when disruption of actomyosin is coupled to depletion of ZO-2, ZO-1 assumes a "folded" conformation, indicating that either heterodimerization or actomyosin-dependent force are sufficient to stabilize the extended conformation of ZO-1. We discovered an intramolecular interaction between the C-terminal region of ZO-1, which comprises the ZU5 domain, and its central region, comprising PDZ3, SH3, and GUK domains (ZPSG) ). The C-terminal region competitively inhibits the interaction of the ZPSG with the transcription factor ZONAB/ DbpA and the TJ transmembrane protein occludin. Correspondingly, under the conditions where ZO-1 is in a folded conformation within cells, there is a loss of junctional DbpA and occludin, indicating that when ZO-1 undergoes the ZU5-ZPSG intramolecular interaction, the ZPSG is unable to bind to its junctional ligands. This correlates with proteasomal degradation and loss of signaling by DbpA, and increased sensitivity of the TJ barrier to disruption of actomyosin contractility ). The intramolecular interaction occurs also in ZO-2, and cells lacking ZO-1 also show decreased junctional localization of DbpA and occludin, suggesting that ZO-2 also undergoes intramolecular folding in the absence of heterodimerization and force . Our observations suggest that the actin-linked ZO-1 pool, which exchanges slowly between the cytosol and the TJ and is sensitive to MLCK inhibition (Yu et al. 2010 ) is constituted by stretched molecules, whereas the pool that exchanges rapidly between the tight junction and the cytoplasm (Yu et al. 2010 ) may be at least in part in a folded conformation. The concept that a certain degree of tension is required to stabilize ZO-1 is supported by the observation that calyculin A, which increases tension, decreases the ZO-1 mobile fraction in Xenopus embryos (Higashi et al. 2016) .
The idea that force, and not other signals, such as posttranslational modifications or drug-dependent modulation of biochemical pathways, modifies ZO conformation, is supported by multiple lines of evidence . First, single molecule magnetic tweezer experiments show that force is required and sufficient to disrupt the interaction between the C-terminal and the ZPSG regions of ZO-1, and this force is within a physiological range (5-25 pN). Second, not one, but multiple different pharmacological tools, which inhibit either myosindependent force generation, or the integrity of actin filaments, similarly promote ZO-1 folding, when coupled to ZO-2 depletion. Third, the signaling outputs mediated by folded ZO proteins, e.g., degradation of DbpA/ZONAB transcription factor, resulting in stunted proliferation and growth, were observed in cysts grown in Matrigel, in the absence of any drugs. Thus, growth of cysts in a soft substrate is equivalent to treating cells grown on a stiff substrate (glass or plastic) with blebbistatin, and physiological forces developed at junctions and heterodimerization are sufficient to control ZO protein conformation, independently of any drug. Fourth, treating ZO-1-KO cysts with dATP, which stimulates actomyosin contractility, rescues normal DbpA localization, levels and activity, consistent with actomyosin-dependent force acting on ZO-2, to induce its stretching.
In summary, ZO-1 and ZO-2 are TJ mechano-sensors, and their force-and heterodimerization-dependent conformations control their interactions with ligands at junctions and downstream functions.
Conclusions and perspectives
TJ participate in the regulation of the mechanical properties of epithelial monolayers, although their contribution is quantitatively less important than that of cadherin-based ZA/AJ. The pore and leak pathways of the paracellular TJ barrier are finely tuned by the contractility of the actomyosin cytoskeleton, through ZO proteins, and the cross-talk with AJ and regulators and effectors of Rho family GTPases. ZO proteins are not only critical organizers of junctional actomyosin and actin dynamics but also mechano-sensors, which transduce mechanical cues into regulation of signaling to the nucleus and barrier function.
Much remains to be learned about TJ mechanobiology. Are there additional mechano-sensors at TJ, besides ZO proteins? Which additional protein interactions and signaling outputs to/ from TJ are regulated by force? What are the conformational and dimerization states of ZO proteins from the time of their synthesis to their assembly as TJ scaffolds for claudins? Are there additional pathways that control ZO protein conformation? What mechanisms underlie the regulation of microvilli and junctional actin dynamics by ZO-1? Addressing these and other questions will provide exciting new avenues in TJ mechanobiology.
Abbreviations ABR, actin binding region; AFM, atomic force microscopy; AJ, adherens junction; CAM, cell adhesion molecule; CAR, Coxsackie adenovirus receptor; dATP, deoxyadenosine triphosphate; DbpA, DNA binding protein A; ESAM, endothelial cell-selective adhesion molecule; FRAP, fluorescence recovery after photobleaching; FRET, fluorescence resonance energy transfer; GAP, GTPase activating protein; GEF, guanine nucleotide exchange factor; GUK, guanylate kinase (domain); JAM, junction associated molecule; MAGI, membrane-associated guanylate kinase with Inverted orientation; MDCK, Madin Darby Canine Kidney; MLCK, myosin light chain kinase; PALS, protein associated with Lin-7; PAR, partition-defective (gene/protein); PATJ, Pals1-associated tight junction protein; PDZ, PSD-95/disks large/zonula occludens-1 (domain); PLEKHA7, Pleckstrin Homology Domain Containing A7; ROCK, Rho-associated protein Kinase; SH3, Src homology-3; TAMPS, TJ-associated MARVEL proteins; TEER, trans-epithelial electrical resistance; TJ, tight junction; TNF, tumor necrosis factor; ZA, zonula adhaerens; ZO, zonula occludens; ZO-1, zonula-occludens-1 (protein); ZO-2, zonula-occludens-2 (protein); ZO-3, zonula-occludens-3 (protein); ZONAB, ZO-1-associated nucleic acid binding protein; ZPSG, ZO protein PDZ3-SH3-GUK (domains)
